interactions between these proteins, and the mechafused with a founder cell or an existing myotube. In ants mutant embryos, mature, multinucleated muscle fibers nism whereby they cooperate to control myoblast fusion remains a mystery.
are absent. Instead, a large number of unfused myosinexpressing myoblasts are present by late stage 13 (comWe have performed a mutagenesis screen in Drosophila to identify genes required for skeletal muscle develpare Figures 1A and 1B, 1C; Figure 2A and 2B). These unfused founder cells maintain the ability to differentiate opment. In this paper, we present the characterization of antisocial (ants), a gene required specifically for myoand form elongated mononucleated myocytes ( Figure  1B ). All skeletal muscles appear to be affected in ants blast fusion. ants, which is expressed in the early mesoderm and in founder cells before and during fusion, mutant embryos. On the other hand, the visceral muscles exhibit only minor defects in the first midgut conencodes a protein with multiple protein-protein interaction motifs, including ankyrin repeats, tetratricopeptide striction, and the dorsal vessel appears to be normal (data not shown). The ants mutation, therefore, is highly repeats (TPRs), a RING finger, and a coiled-coil domain. The ANTS protein is localized to discrete foci in the specific to the somatic musculature. cytoplasm of founder cells. Through systematic analysis of the ability of ANTS to physically associate with all ants Is Required for Myoblast Fusion In principle, the large number of unfused myoblasts in known Drosophila muscle fusion proteins, we found that ANTS specifically associates with DUF and MBC but ants mutant embryos could be due to a specific defect in myoblast fusion or to the secondary consequences not with SNS or BLOW. Furthermore, the subcellular localization of ANTS is altered in duf mutant embryos.
of defects in myoblast fate determination or other developmental processes (Bate, 1993). To distinguish among These results suggest that ANTS controls myoblast fusion by serving as a linker protein between the transthese possibilities, we examined several developmental processes that might indirectly affect muscle differentiamembrane receptor DUF and the cytoskeleton. tion. These include the specification of the muscle founder cells and myoblasts, the pattern of innervation Results by motorneurons, and differentiation of the epidermis. The specification of the muscle founder cells in ants Identification of the ants Locus We carried out an F2 lethal screen in Drosophila to mutant embryos was assessed by the expression of Krü ppel (Kr). It has been shown that, in wild-type emidentify new genes involved in skeletal muscle development (E.H.C. and E.N.O., unpublished data). To facilitate bryos, KR is initially expressed in a subset of founder cells but is later turned on in other nuclei of the multinuthe screening process, we constructed a GFP reporter driven by the muscle-specific myosin heavy chain procleated fibers as KR-positive founder cells fuse to neighboring myoblasts (Ruiz-Gó mez et al., 1997). Thus, KR moter (MHC-tauGFP), which allowed the examination of muscle morphology in live embryos ( Figure 1A ). We staining appeared as clusters in wild-type embryos (Figure 2C ). As shown in Figure 2D , KR was expressed focused our initial efforts on the characterization of one complementation group on the third chromosome that in its characteristic positions in ants mutant embryos, suggesting that the fate of these founder cells was propcontains four EMS mutant alleles, T59, T192, T321, and T627. In mutant embryos of all four alleles, the develerly established. The number of KR-positive nuclei was reduced in ants mutant embryos, since founder cells oping body wall muscles exhibit a near complete block of myoblast fusion, as revealed by the expression of the failed to recruit surrounding fusion-competent cells into the clusters. We also examined the expression of Dmef2, MHC-tauGFP reporter ( Figure 1B (Patel et al., 1987) , the 68E-F region, we identified two lines, l(3)08232 and A490.2M3, that failed to complement the lethality of were normal in ants mutant embryos (data not shown). Thus, we conclude that the unfused myoblast phenoants. Both P element lines showed a myoblast fusion phenotype similar to that of the EMS ants alleles. We type in ants mutant embryos is likely due to a specific defect in myoblast fusion. . Detailed predicted transcript of CG12277 identified one cDNA clone, GH15583, whose 5Ј end matched CG12277. The analysis of ants mutant embryos revealed that fusioncompetent myoblasts extend filopodia toward their fu-3Ј end of GH15583, however, did not match any sequence within the predicted CG12277; rather, it matched sion targets ( Figure 1C ). This observation suggests that ants is dispensable for the initial attraction between CG5679, another predicted transcript approximately 15 kb 3Ј f CG12277 ( Figure 3A ). This observation sugfounder cells and fusion-competent myoblasts and instead functions at a later stage in the fusion process.
gested that CG12277 and CG5679 might represent one transcript. Several experiments were performed to further examMolecular Cloning of ants ants was localized between h and th based on recombiine the possibility that CG12277 and CG5679 were derived from a single gene. First, we sequenced the entire nation mapping. One deficiency, Df(3L)vin4 (68B1-2; 68F3-4), did not complement any of the four ants alleles, length of GH15583 and found that the 5.1 kb cDNA indeed spanned both predicted transcripts and included whereas another two deficiencies, Df(3L)vin3 (68C5-6; 68E3-4) and Df(3L)vin2 (67F2; 68D6), complemented the most of the predicted exons of both transcripts ( Figure  3A ). This cDNA clone is predicted to contain 5Ј UTR and ants alleles. Thus, ants was localized to chromosomal region 68E-F. Embryos transheterozygous for any of the 3Ј UTR ( Figure 3A) , suggesting that it represents a fulllength or near full-length cDNA clone. Consistent with four ants alleles and deficiency Df(3L)vin4 exhibited the ORF of 1569 amino acids, while ISO2 contains an ORF of 1670 amino acids. These isoforms only differ in the inclusion of an additional 101 amino acids in ISO2.
We then examined whether mutation in the CG12277/ CG5679 gene was responsible for the ants phenotype. Genomic DNA from homozygous ants mutant embryos was sequenced using primers spanning the CG12277/ CG5679 locus. ants T627 contained a G to A point mutation that would change amino acid 1002 of ISO2 (or aa 901 of ISO1) from Trp to a stop codon. ants T321 contained a G to A mutation that changed Trp-431 of ISO2 to a stop codon. Interestingly, this residue is located within the 101 amino acid exon that is present in ISO2 but absent from ISO1, suggesting that ISO2 is essential for the fusion process. ants T59 contained a C to T mutation that changed amino acid 1496 of ISO2 (or aa 1395 of ISO1) from Pro to Ser. No molecular lesion was detected in the coding region of the ants T192 allele, suggesting that the ants T192 mutation may have disrupted the regulatory sequence of ants. Taken together, the molecular lesions in ants mutants strongly suggest that the CG12277/ CG5679 gene corresponds to ants and that the 5.4 kb ISO2 is indispensable for myoblast fusion.
Domain Structures of the ANTS Protein
The predicted primary sequence of the ANTS protein contains several domains that are known to mediate protein-protein interactions (Figures 3B and 3C ). In the carboxy-terminal region, nine ankyrin repeats are followed by three TPR repeats and a coiled-coil domain. In addition, the ANTS protein contains a C3HC4 RING finger near its amino-terminal region, along with a puta- The embryonic expression pattern of ants was examined most abundant in embryos, with decreasing levels in larvae and adults (data not shown). To investigate the by in situ hybridization and antibody staining. ants expression is initiated at embryonic stage 11 in the progenpossibility that differential splicing contributed to the multiple signals seen in the Northern analysis, we peritors of the visceral, somatic, and pharyngeal muscles ( Figure 4A ). As germ band shortening proceeds, the formed RT-PCR using several primer pairs derived from GH15583. This experiment revealed an mRNA species visceral mesodermal expression of ants gradually decreases, while the somatic mesodermal expression perthat contained an additional 303 bp exon ( Figure 3A) . Thus, the CG12277/CG5679 gene from which GH15583 sists until stage 14 ( Figures 4C and 4E) . By stage 15, ants is no longer expressed in the mesoderm. Instead, is derived generates at least two differentially spliced isoforms, isoform-1 (iso1) of 5.1 kb that is identical to weak expression of ants can be detected in the muscle attachment sites along the segment borders (data not GH15583, and isoform-2 (iso2) of 5.4 kb. ISO1 has an is consistent with the founder cell-specific expression of ANTS. We noticed that a cleaved form of DUF was generated when full-length DUF was expressed in S2 ANTS Is a Founder Cell-Specific cells ( Figure 6B, arrowheads) . This form migrated Cytoplasmic Protein slightly slower than the DUF cytoplasmic domain alone In order to gain further insights into the function of ants ( Figure 6B ; see below), suggesting that it is likely to during myoblast fusion, we examined whether ANTS is contain both the transmembrane and the cytoplasmic present in founder cells or fusion-competent myoblasts.
domains. Interestingly, this cleaved form also associAn antibody double-labeling experiment was performed ated with ANTS ( Figure 6B ). When the DUF cytoplasmic with anti-ANTS and anti-␤-galactosidase (␤-gal) antidomain alone was tested, however, no interaction was bodies using the rp298 enhancer trap line, which carries detected ( Figure 6B ). These results suggest that the a P element insertion in the 5Ј promoter of the duf gene transmembrane domain of DUF is required for its inter-(Nose et al., 1998; Ruiz-Gó mez et al., 2000). Confocal action with ANTS. In addition, protein-protein interaction microscopy demonstrated that ANTS was localized to was detected between an amino-terminal fragment of the lacZ-expressing founder cells (Figures 5A-5C ). An-MBC and ANTS, while no interaction was detected beother founder cell-specific marker, even-skipped (eve) (Frasch et al., 1987) , was also found to localize to the tween BLOW and ANTS ( Figure 6B ). We were unable to same cells as ANTS (Figures 5D-5F ). Interestingly, ANTS test the interactions between full-length MBC and ANTS, is a cytoplasmic protein that aggregates to discrete foci since the full-length MBC was not expressed at a detect-( Figure 5 ). The aggregated appearance of ANTS staining able level. is reminiscent of that of SNS, the transmembrane recepTo locate the specific domain(s) of ANTS that are tor of fusion-competent myoblasts, which is localized required for its interaction with DUF, we made a carto discrete sites associated with the cell membrane as boxy-terminal deletion (ANTS-⌬C) that truncated the fusion progresses (Bour et al., 2000) .
conserved region between Drosophila ANTS and its mouse orthologs (see below). This deletion construct was tested for its ability to associate with DUF in coim-ANTS Interacts with DUF and MBC munoprecipitation experiments. As shown in Figure 6 , The aggregation of ANTS in distinctive cytoplasmic locano interaction between the truncated ANTS protein and tions in founder cells, and the presence of multiple pro-DUF was detected, suggesting that the conserved region tein-protein interaction motifs in the ANTS protein of ANTS is required for its interaction with DUF. This conprompted us to examine if ANTS plays a role during clusion is consistent with the genetic mutants, since myoblast fusion by mediating interactions between molthe ants T321 allele produces carboxy-terminal-truncated ecules in the myoblast fusion pathway(s). To test whether ANTS interacts with other fusion molecules, we protein that deletes the entire conserved region. The Subcellular Localization of ANTS KIAA1636, which encode apparent orthologs of ants ( Figure 7A ). The human EST KIAA1728 (1644 amino in duf Mutant Embryos acids) is 591 amino acids longer at its carboxyl terminus The interaction between ANTS and DUF, together with the than its mouse homolog, mCP20090 (1051 amino acids), subcellular aggregation of the ANTS protein, suggested suggesting that the predicted mouse protein is missing that ANTS is likely to colocalize with DUF during myoa portion of its carboxy-terminal sequence. blast fusion. Because of the lack of DUF antibody, we To investigate whether the mammalian orthologs were unable to test this hypothesis directly. However, if could also be involved in skeletal muscle development, DUF is involved in recruiting ANTS to specific subcellular we examined the expression of the mouse orthologs in locations during fusion, one would expect a change in the developing embryonic mesoderm by in situ hybridthe pattern of ANTS localization in duf mutant embryos.
ization. For simplicity, the mouse orthologs are referred Examination of ANTS protein in duf mutant embryos to as mants1 (mCP20090) and mants2 (mCP14686). As showed this to be the case. Instead of localizing to discrete shown in Figure 7B , mants1 is expressed in a broad sites in the cytoplasm, ANTS protein is distributed range of the embryonic mesodermal tissues, including throughout the cytoplasm at the peripheral membrane the limb buds and the somites at embryonic day 11.5, region and appears as rings that outline the founder cells coincident with the time period when myoblast fusion in the duf mutant embryo (Figures 5G and 5H) .
occurs (Hauschka, 1994) . Mants1 expression dramatically decreases at E13.5, when muscle differentiation is A Mouse Ortholog of ants Is Expressed almost completed (data not shown). Northern blot of in the Embryonic Mesoderm adult tissues showed that mants1 is not detectable in Database searches identified two predicted mouse proadult skeletal muscle (data not shown). Thus, mants1 is teins, mCP20090 and mCP14686 (Celera mouse geexpressed during a short time window when myoblast fusion takes place. The expression pattern of mants2, nome annotation), and two human ESTs, KIAA1728 and . It is conceivable that DUF may also be localized to specific While MBC and BLOW are expressed in both founder cells and fusion-competent myoblasts, ANTS is only membrane regions in founder cells during the fusion process. However, we cannot rule out the possibility expressed in founder cells. In addition, while MBC and BLOW are expressed throughout the cytoplasm of myothat there is an excessive amount of DUF on the founder cell membrane such that no localization of DUF is necesblasts, ANTS is localized in discrete domains in the cytoplasm. These results, together with the proteinsary during cell recognition and cell adhesion. Nevertheless, the altered ANTS localization in duf mutant emprotein interaction between ANTS and DUF, raise the possibility that the ANTS localization domains might corbryos supports the hypothesis that DUF is required to localize ANTS to specific subcellular foci, presumably relate with the sites of cell recognition and adhesion between founder cells and fusion-competent myothrough the physical interaction between the two proteins. blasts. The subcellular structures in which ANTS is localized and how these domains might be related to the expression of DUF on the founder cell membrane remain
The . Based on this observation, it was suggested that besides duf, there must exist at least one additional interacts with focal adhesion molecules and seems to be a general factor that regulates cytoskeletal events protein that is present in founder cells but absent from fusion-competent myoblasts. This protein could interact (Hasegawa et al., 1994) . Our studies of two mouse orthologs of ants suggest that one of them, mants1, could with the intracellular domain of DUF to initiate fusion (Ruiz-Gó mez et al., 2000). Our results suggest that ANTS be involved in skeletal muscle development in vertebrates. The temporal expression pattern of mants1 in may represent such a molecule. First, ANTS is expressed in founder cells just before and during the fusion the developing mouse embryo is reminiscent of ants expression in the Drosophila embryo. mants1 expresprocess. Second, ANTS physically interacts with the cytoplamic domain of DUF. Third, the ANTS protein is sion coincides with the early stages of mesodermal development, and its expression is dramatically reduced localized in discrete regions in the cytoplasm of founder cells during the fusion process, and the specific localizaafter skeletal muscle formation. The transient expression of mants1 in the mesoderm is consistent with a tion of ANTS is altered in duf mutant embryos, consistent with the possible interaction with a localized membrane potential role in early skeletal muscle development including myoblast fusion. Interestingly, mants1 is also receptor during the fusion process.
Based on these observations and the interaction beexpressed at the time of fusion in the C2 myoblast cell line (E.H.C. and E.N.O., unpublished data). However, it tween ANTS and MBC, we propose the following sequence of events during myoblast fusion (Figure 8) . First, should be pointed out that the expression of mants1 in the mouse embryo is not solely restricted to skeletal DUF acts as an attractant for fusion-competent myoblasts. Through either direct or indirect interaction(s) muscle precursors but rather is more broadly distributed
